Amounts of trehalose-6,6-dimycolate as small as 1 to 5 ,ug can, after intravenous injection, induce in the lungs of mice formation of tubercles in which the cellular composition is indistinguishable from that in tubercles formed after an infection with living BCG bacilli. The strongest cellular response in mice was induced by cord factor from Mycobacteriwn kansasii; the weakest was induced by cord factor from the BCG strain of M. bovis. It was found that three intravenous injections of cord factor induced a more extensive cellular response than did one injection of the same total amount of cord factor. Mice treated intravenously with cord factor were protected against an intravenous challenge with the virulent H37Rv strain of M. tuberculosis. The cellular response in the lungs of mice to intraperitoneal injections of living BCG and cord factor was very weak compared with that after intravenous injections. Intraperitoneal vaccination of mice with cord factor did not protect the mice against a challenge with virulent tubercle bacilli. Mice vaccinated intraperitoneally with BCG were immunized although no granulomas, or very few, were present in the lungs at the time of the challenge. The significance of the cellular response induced by cord factor is discussed.
BEKIERKUNST ET AL. diphtheriae and the chemical structure of the substance was described by Senn et al. (24) .
The "semi-synthetic cord factor" was prepared by heating the K-salt of mycolic acid isolated from the human strain Peurois with trehalose-6,6ditosylate (5) ; it was then purified by column chromatography and TLC as described above.
Wax D preparations were also isolated from the chloroform extracts, by their insolubility in boiling acetone. The insoluble fraction was dissolved in CHCl and was precipitated with methanol or acetone (2a) . At this stage, they still contained phospholipid and cord factor as impurities. These could be eliminated by chromatography on a column of silicic acidCelite (2:1; 15 to 20 g per g of crude wax D).
Wax D was eluted by chloroform, cord factor and phospholipids by CHC[,-methanol. TLC was used for checking the purity of wax D preparations, under the conditions described above.
Mycolic acids (strain Peurois) were prepared by saponification of wax D; their structure is mentioned in a paper by Adam et al. (1) , in which the strain Peurois was called "Prevois" by mistake.
Phospholipid fractions (phosphatidyl-inosito-diand penta-mannosides were prepared from the "antigone m6thylique," a methanol extract of BCG previously defatted with acetone. Column chromatography on silicic acid-Celite (2:1) and elution with increasing concentrations of methanol in CHCI, followed by TLC (as described above) resulted in separation of the di-and pentamannoside fractions (21) .
Cell wall from M. tuberculosis strain H37Ra was a preparation free from extractable lipids and digestive proteins. It Apart from the cells described above, mononuclear cells with small hyperchromatic nuclei and a small amount of cytoplasm could be seen. The latter cells had the appearance of lymphocytes and were localized mostly in the periphery of the focus. Many of the inflammatory foci contained in addition an occasional granulocyte. Giant cells were not found.
To show that the cellular composition of the tubercles induced by cord factor is indistinguishable from that caused by living mycobacteria, a section of lungs from mice vaccinated intravenously with BCG is shown in Fig. 2 .
Comparison of different cord factors in their ability to induce granuloma formation. Since cord factors from different strains of mycobacteria differ in the structure of their mycolic acids (15) , it was of interest to see whether the intensity of the cellular response could be correlated with the structure of cord factor. Cord factors (20 ,ug) from four different strains were injected intravenously into groups of five mice; after 7 days, the cellular response in the lungs was investigated ( The substances used and the amounts injected into the animals are given in Table 3 . Neither wax D preparations nor the phosphatidylinosito-mannosides were able to induce any inflammatory reaction. It is noteworthy that even the glycolipid from C. diphtheriae, which has a Effect of repeated injections of cord factor on granuloma formation. It is known from earlier observations on the biological activity of cord factor that it is able to aggravate experimental tuberculosis in animals when injected during the infection (7) . In view of the granuloma-inducing ability of cord factor, it was reasonable to assume that the aggravation was due to some kind of hypersensitivity expressed by an excessive formation of granulomas. Since the latter is an infiltration of macrophages which apparently, under the effect of cord factor, differentiate into epithelioid cells, this may also explain the observation described by Lurie (17) that animals vaccinated with BCG mobilize macrophages faster and in larger amounts than do nonvaccinated animals. Two experiments were carried out. In the first, the "semi-synthetic cord factor" was injected twice into the mice. The interval between the two injections was 7 days. The mice were examined 7 days after the second injection. In the second experiment, cord factor from BCG was injected three times. The results of the two experiments are presented in Table 4 . Two injections of 10 ;&g Table 1 . bThe interval between the first and second injection was 7 days. ¢ The interval between the first and second injection was 7 days; between the second and third injection the interval was 4 days. In both experiments mice were killed after 14 days. Cord factor was injected intravenously in a volume of 0.25 ml. each of cord factor (experiment 1) caused a much greater response than did one injection of 20 ,sg. This effect was also indicated by consistent increase in the weights of the lungs. The response was much stronger in the second experiment when a total of 20 Mg of cord factor was injected in three doses. In the group of mice which were injected once with 20 Ag of cord factor, a few granulomatous foci were found in the lungs of only one mouse. In the group which was injected with the same amount but in three injections, every mouse responded with numerous foci. In this case, there was also a consistent increase in the weights of the lungs.
Granuloma formation in the lung and resistance to infection with virulent tubercde bacilli. There is a general consensus that humoral antibodies do not play a significant role in acquired resistance to infection with tubercle bacilli (22) . The latter are intracellular parasites able to multiply in the cytoplasm of macrophages from normal animals but inhibited in cells from vaccinated ones. A typical tubercle is composed of lymphocytes, macrophages, and epithelioid cells. Since the above cells take part in the defense of the host, it was plausible to assume that the lungs containing such tubercles would be more resistant to virulent tubercle bacilli than normal lungs. To test this assumption, groups of 20 mice were injected intravenously with graded doses of cord factor and one group was injected with a suspension of living BCG. After 3 weeks, the mice were challenged intravenously with virulent tubercle bacilli strain H37Rv, and the fate of the animals was observed for 70 days (Table 5 ). An intravenous vaccination with cord factor was able to protect the mice, although to a much lesser degree than BCG. The protection is probably due to the granulomas which were formed by the injected cord factor. It appeared that 60 Mug of the cord factor had a lesser effect than 40 Mg (Table 5) . It is conceivable that 60 ,ug might have induced the formation of an excessive amount of granulomas; therefore, the protective effect was less than that of 40 Mug.
The observation that BCG-vaccinated mice were better protected than mice treated with cord factor raised the question whether the presence of granulomas in the lungs at the time of the challenge with virulent tubercle bacilli is a prerequisite for protection.
The protection seen in the cord factor-treated mice might have been due to a local effect, a result of the encounter between the numerous macrophages accumulated in the lungs and the tubercle bacilli of the challenge. In the mice vaccinated with BCG, the accumulated macrophages are probably more active and more bactericidal and, therefore, afford better protection.
To test these assumptions, the following preliminary experiment was carried out. Groups of five mice were injected intraperitoneally and intravenously with cord factor and BCG. After 3 weeks, the mice were examined for granuloma formation in the lungs (Table 6 ). The cellular response of the lungs to the intraperitoneally injected mycobacteria and cord factor is strikingly weaker than that after an intravenous injection. To determine whether the presence of granulomas in the lungs is of crucial importance for protection, groups of 20 mice were injected intraperitoneally with a suspension of living BCG and cord factor; after 3 weeks, they were challenged intravenously with virulent tubercle bacilli H37Rv ( Table 7) .
The results indicate that, to induce protection with cord factor, granuloma formation is a necessary step before the challenge. An intravenous injection of cord factor caused a prolongation of VOL. 100., 1969 the survival time of the mice; an intraperitoneal injection did not. On the other hand, mice vaccinated intraperitoneally with BCG were protected, although, as in the case of intraperitoneally injected cord factor, no granulomas (or very few) were present in the lungs at the time of the challenge. DISCUSSION A number of important facts emerged from this study. Cord factors from different strains of mycobacteria invariably induced a cellular response in the lungs of mice, a response indistinguishable from that caused by a mycobacterial infection. The response could be produced by very small amounts, 5 ,ug or less. Considering that 5 mg of tubercle bacilli can be washed out of the lungs of a tuberculous mouse and since the content of cord factor in tubercle bacilli is about 0.1%, the amounts used by us in this study can be produced in the lungs of infected mice and suffice to induce macrophage accumulation or proliferation with a subsequent transformation into epithelioid cells. In view of the presence of the latter type of cells in the formed granuloma, it is reasonable to assume that cord factor was the inducer of such a differentiation. In a tuberculous infection, before a macrophage transforms into an epithelioid cell (probably through intermediary cell types), it is enzymatically more active and more microbicidal (8, 10, 19) . It is conceivable that cord factor is able to induce such a change. This could be tested, and such a study is presently under investigation.
The above assumption is supported by the positive results of in vivo experiments on induction of nonspecific resistance with cord factor (unpublished data).
The observation that none of the phosphoinosito-mannosides, the wax D preparation, the mycolic acid, or the cord factor from Corynebacterium diphtheriae was able to induce comparable granuloma formation seems to indicate that the effect of cord factor from mycobacteria is highly specific. It is noteworthy that 300 ,ug of the cell wall from H37Ra was without effect. Such an amount of cell walls from BCG did induce a granulomatous response in the lungs of mice according to Barclay et al. (3) . Since their cell wall vaccine was prepared in a different way, it might have contained cord factor.
According to White et al. (27) , peptide-containing wax D fractions in incomplete Freund adjuvant injected into the foot pad of guinea pigs induced an epithelioid and giant cell granulomatous change locally, regionally, in the draining lymph nodes, and in remote organs. No such changes were seen by these authors after injections of cord factor or wax D preparations not containing the peptide. This seems to be not in accord with our results. We did not see any cellular response in the lungs of mice injected intravenously with the wax D preparations.
In the course of this study, wax D Peurois and cord factor from M. kansasii were injected into 100 J. BACTERIOL.
on November 1, 2017 by guest http://jb.asm.org/ Downloaded from the foot pads of mice. Typical granulomatous responses have been produced only by cord factor locally in the injected foot pad and regionally in the draining lymph nodes, but not in the lungs, liver, or spleen. Since there were differences in the emulsions and animal species used by us and by White et al. (27) (water in oil versus oil in water, guinea pig versus mouse), it is probable that these differences strongly influence the results. Further investigations are needed to clarify the discrepancy.
Another fact which emerged from this study was the increased sensitivity to repeated injections of cord factor, as judged by the extensive cellular response, especially after three injections of small amounts of the substance. This may be consistent with the already mentioned observations by Lurie (17) that the mononuclear response to nonspecific irritants is greater in tuberculous individuals, a fact also connected probably with the general stimulation of the reticuloendothelial system in tuberculosis (6) . It is also consistent with the finding of Myrvik et al. (19) (3) . However, one cannot be at all sure that immunity after intravenous vaccination with cell walls, as prepared by Barclay et al. (3) , is due only to cord factor of the vaccine. Other components besides cord factor may be needed to cause not only local immunity but also a systemic one, like that after BCG vaccination. It is the opinion of the authors that this may be possible to achieve with chemically defined substances.
The observation made in this study that cord factor and living BCG injected intraperitoneally caused a very weak granulomatous response in the lungs, or none at all, is consistent with that of Youmans and Youmans (28) . According to their report, 10 to 50 mg of living mycobacteria H37Ra administered intraperitoneally did not cause granuloma formation in the lungs of the mice. These findings indicate that neither the bacilli nor the cord factor reaches the lungs in sufficient quantity to produce a pulmonary granulomatous response. This may be also related to the well-known fact that intravenous injection of the bacilli as well as the aerosol infection are two effective methods for infecting the lungs of mice. Microorganisms administered into the tail vein are in effect introduced into the lung parenchyma. The same is true for cord factor, although it also depends, in the latter case, on the size of the droplets of the emulsion. This is indicated by the results of this study and by those of a previous report (4) . In the latter study, cord factor in an emulsion containing 1 LITERATURE CXIED
